The Verwey transition in Fe 3 O 4 , a complex structural phase transition concomitant with a jump in electrical conductivity by two orders of magnitude, has been a benchmark for charge ordering (CO) phenomena in mixed-valence transition metal materials. CO is of central importance, because it frequently competes with functional properties such as superconductivity or metallic ferromagnetism. However, the CO state in Fe 3 O 4 turned out to be complex, and the mechanism of the Verwey transition remains controversial. We demonstrate an archetypical Verwey-type transition in an open p-shell anionic mixed-valence compound using complementary diffraction and spectroscopic techniques. In Cs 4 O 6 , a phase change from a cubic structure with a single crystallographic site for the molecular O 2
INTRODUCTION
The phenomenon of charge ordering (CO) in mixed-valence compounds (1) is closely linked to some of the most important material's features in the solid state, including the Verwey transition in magnetite (Fe 3 O 4 ) (2-6), dramatic changes of electrical conductivity with colossal magnetoresistance effects in manganites (7) (8) (9) , the competition between charge order and high-temperature superconductivity in layered cuprates (10, 11) , and electron Wigner crystallization in quasi onedimensional cuprates (12) . The common thread to all these phenomena is that the mixed-valence states and CO are based on 3d electrons of transition metal ions. The Verwey transition in magnetite, Fe 3 O 4 , which undergoes a structural phase change with a concomitant jump in electrical conductivity at T V = 125 K (2), has been intensely studied as a model case for CO phenomena. However, the validity of Verwey's original model of Fe 3 O 4 relying on a CO of Fe 2+ and Fe 3+ ions at T V (3) has been challenged (4, 5) , and the CO pattern turned out to be more complex, involving the formation of so-called trimerons (6) . In a generalized sense, the Verwey transition has been defined as a "spontaneous intercorrelated change of both lattice symmetry and electric conductivity in certain ionic crystals" (4) .
Recently, the commonalities between the strongly correlated transition metal compounds and molecular solids containing open-shell oxygen O 2 − anions found interest (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Whereas in superoxides with merely O 2 -units low-dimensional magnetic order driven by orbital order has been established (19) , alkali sesquioxides A 4 O 6 (A = Rb, Cs) stand out as unique representatives of p-electron molecular solids with mixed-valence states of dioxygen anions (23, 24) . anions. However, in the long-known cubic (C) crystal structure of A 4 O 6 (23) (24) (25) , all dioxygen anions are crystallographically equivalent, which requires that the fourth electron is delocalized among the three anionic units. A recent report on a tetragonal (T) phase in Rb 4 O 6 single crystals (26) hints at a possible charge-ordered ground state in A 4 O 6 mixedvalence compounds. Using diffraction and spectroscopic probes, here, we demonstrate that the sister compound Cs 4 O 6 undergoes an archetypical Verwey-type CO transition bearing many of the characteristics of Verwey's original model. Moreover, the molecular and the p-electron nature of the basic O 2
x− building units disclose the importance of orbital physics for the Verwey-type CO transition and offer new possibilities for exploring the coupling between entangled degrees of freedom.
RESULTS
The structural properties of Cs 4 O 6 were investigated by powder neutron diffraction (PND) (see Fig. 1 and table S1 ). Rietveld refinement of a PND pattern taken at 375 K reveals the known C structure (23, 24) o relative to the T c axis. Accordingly, the structural transformation from the C into the T phase involves a large-amplitude molecular reorientation, where interatomic distances change significantly (table S2) . The 2 K pattern of the T phase does not reveal any magnetic Bragg intensity, which indicates the absence of long-range magnetic order. This is consistent with the temperature dependence of the magnetic susceptibility (Fig. 2B, inset) , where the structural transitions are reflected as anomalies (Fig. 2B) , or with electron paramagnetic resonance (EPR) spectroscopy, where no critical broadening of the spectra or the characteristic antiferromagnetic resonance is observed down to 4 K ( fig. S1 ).
From the temperature variation of lattice parameters ( Fig. 2A) , the fraction of the T phase ( fig. S2A ), and the magnetization (Fig. 2B) , it is evident that on warming the C-T phase transition shows a pronounced hysteresis of about 50 K. This large hysteresis as well as the discontinuity in lattice parameters and cell volume ( fig. S2B ) point to a first-order phase transition, which is, in mixed-valence systems, one of the pertinent signatures of a Verwey-type transition. The anisotropic response of the lattice in the course of the C-T transition leads to a large decrease in unit cell volume by about 1.5%.
Because of on-site electron correlations and weak electronic overlap between neighboring O 2 entities, Cs 4 O 6 adopts an insulating ground state (13) . The Arrhenius plot of conductivity, s, measured by impedance spectroscopy on a pressed pellet of Cs 4 O 6 (Fig. 2C ) reveals a thermally activated behavior and, concomitant with the structural transition from the C to T phase, a drop in s by two orders of magnitude. The activation energies are virtually identical (~0.50 eV) for the C and T phase within the experimental errors. Upon completing the thermal cycle, the conductivities were the same for the cooling and heating branches of the measurement, respectively. The large structural hysteresis is reflected by a similarly broad hysteresis of s between 313 and 233 K. In two control experiments conducted at a constant temperature of 273 K (during the cooling and then during the warming mode), conductivities remained nearly constant as a function of time for almost 3 days ( fig. S3 ), proving that the observed hysteresis is not due to the slow kinetics of the phase transition. Because per formula unit one electron hops from O 2 2− to the nearest neighboring O 2 − , the charge carrier density amounts to 4 per unit cell volume (4 formula units per unit cell), which allows the calculation of the charge carrier mobility u(T) as a function of temperature ( fig. S4 ). For the C phase, one obtains u(298 K) ≈ 10 −9 cm 2 /(V s) and, for the T phase, u(213 K) ≈ 2 × 10 −15 cm 2 /(V s). Applying the Nernst-Einstein relation, these mobility values correspond to charge carrier jump frequencies of w(298 K) ≈ 1 GHz and w(213 K) ≈ 1.5 kHz, respectively. Thus, the charge carrier dynamics in the C phase occurs on the nanosecond time scale, whereas it is slowed down considerably to the range of milliseconds in the T phase.
To follow the charge dynamics on a molecular level through the structural and CO transition, various complementary spectroscopies were used. The Raman spectrum of Cs 4 O 6 at room temperature (Fig. 3) shows two distinct vibrational peaks corresponding to stretching vibrations of O 2 2− (767 cm ) species, thus proving charge localization on a time scale of 0.1 ps in the high-temperature C phase. This result compares well with a nanosecond time scale of the charge dynamics as derived from the impedance data (see Fig. 4A ). 17 O (nuclear spin 5/2) nuclear magnetic resonance (NMR) spectra probe charge and molecular dynamics on a time scale of t NMR~1 0 −6 s. 
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
results from density functional theory (DFT) computations of hyperfine interactions and (table S3) . However, the latter are clearly observed as a broad line in X-band EPR spectra [ Fig. 4C (bottom) and fig. S1 ]. In the C phase, due to a rapid hopping of charge comparable to the characteristic EPR time scale t EPR~1 0 −10 s, the broadening of the X-band EPR line is so large that the spectrum spans beyond the experimentally accessible field range (Fig. 4C, top) . Thus, our two complementary magnetic resonance spectroscopy techniques further narrow down the time window for the charge dynamics in the high-temperature C phase to a range between~10 −10 and 10 −13 s, whereas in the low-temperature T phase it is between 10 −6 and 10 −3 s (Fig. 4A) . During the CO, the wave function of the fourth electron, which extends over all O 2 dumbbells in the C phase, localizes on a single O 2 unit in the T phase (Fig. 4D) .
DISCUSSION
Using various probes rendering different temporal and spatial resolutions has enabled us to establish the typical features of a Verwey-type transition in the open-shell p-electron compound Cs 4 O 6 , namely, a first-order structural transition from a charge-disordered into a chargeordered phase and a concomitant drop in electronic conductivity, which is reflected in a corresponding drop in charge fluctuations rates (see Fig. 4A ). Because of the large intermolecular distances, the electronic conductivities in both the charge-ordered and the charge-disordered phase of Cs 4 O 6 are several orders of magnitude smaller than in Fe 3 O 4 , the canonical example for CO in 3d systems. Our spectroscopic investigations indicate for the high-temperature C phase charge delocalization on the NMR but charge localization on the vibrational time scale, which points to moderate electronic coupling between the (4, 5) , and its CO pattern turned out to be much more complex than anticipated by Verwey. It involves the formation of a linear array of three Fe sites, so-called trimerons (6) . Short-range correlations attributed to complexes of trimerons are believed to persist even above T V (27) .
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
The molecular nature of Cs 4 O 6 offers the possibility to tackle fundamental questions on the mechanism of Verwey-type CO transitions, for instance, it may shed new light on the role played by orbital order, which was suggested to be a key feature for the formation of the complex CO state in Fe 3 O 4 (28, 29) . In Cs 4 O 6 , an entanglement between charge and orbital order is expected because, in the electron-localized T CO phase, an intermolecular Jahn-Teller effect lifts the degeneracy of the partly occupied p* molecular orbitals of the O 2 − entities by tilting them, which opens the path for orbital order to set in (19) . An important role of orbital physics in the CO phase of Cs 4 O 6 is revealed by the anomalous high-temperature broadening of the EPR spectra in the chargeordered T phase ( fig. S1B) (30) . A large decrease in the unit cell volume at the C-T transition is a manifestation of unusually large coupling of the lattice to charge and orbital degrees of freedom, thus promoting Cs 4 O 6 as particularly well suited for testing advanced concepts for Verwey-type CO transitions and exploring new physics beyond that available to the "standard" transition metal-based compounds.
MATERIALS AND METHODS
Sample preparation and characterization Powders of Cs 4 O 6 were prepared by thermal decomposition of CsO 2 , as described in detail elsewhere (31) O 2 ; Sigma-Aldrich). The purity of the samples was checked by laboratory powder x-ray diffraction (XRD) measurements. Due to the extreme air and moisture sensitivity of alkali metal oxides, all sample handlings had to be carried out under carefully controlled inert atmospheres.
Powder neutron diffraction
For the PND experiments, powders of Cs 4 O 6 (~4 g) were sealed in a thin-walled quartz tube, which was placed in a vanadium can. Measurements were carried out using the instruments E6 and E9 at the BER II reactor of the Helmholtz-Zentrum Berlin. A pyrolytic graphite and a Ge monochromator selected the neutron wavelengths l = 2.42 Å (E6) and l = 1.7973 Å (E9), respectively. Data were collected at the diffraction angles 8°≤ 2q ≤ 136.5°on E6 and 8°≤ 2q ≤ 141.8°on E9 in the temperature range between 1.6 and 375 K using a standard Orange cryostat and a cryo-furnace. Data from the high-resolution instrument E9 were used to precisely determine the positional parameters of the C and T structures, whereas the structural variations as a function of temperature were followed on E6. To reach a fully completed structural change of Cs 4 O 6 from the high-temperature C to the low-temperature T phase, the sample was slowly cooled from 300 to 180 K, after heating up to 380 K, with a cooling rate of 0.5 K/min and subsequently with a cooling rate of~3 K/min down to the base temperature. The changes of the structural properties of Cs 4 O 6 were also followed with increasing temperature from 1.7 to 380 K, where the set temperature was always reached in about 10 min.
The refinements of the crystal structure were carried out with the program FullProf (32) with the nuclear scattering lengths b(O) = 5.805 fm and b(Cs) = 5.42 fm (33) . All refinement results are summarized in table S1. The high-temperature C crystal structure of Cs 4 O 6 was refined in space group I 43d (No. 220). The Cs and O atoms are located at the Wyckoff positions 16c (x,x,x) and 24d (x,0, 3 / 4 ), respectively. The refinement of the positional parameters x(Cs) and x(O) and the two thermal parameters resulted in a somewhat enlarged residual R F = 0.155 (defined as R F = ∑||F obs | − |F calc ||/∑|F obs |). This can be ascribed to the fact that the strongly enlarged thermal parameters lead to a strong decrease in intensity for the high-order Bragg reflections, as can be seen in Fig. 1A . However, the positional and thermal parameters could be determined with good accuracy. We note that anomalous temperature factors were also observed previously for the C phase of Rb 4 O 6 (24, 25) .
The low-temperature T crystal structure of Cs 4 (c 2 = 1.65). Interatomic distances obtained from the evaluation of the PND data of the T phase at 2 K are summarized in table S2.
Impedance measurements
Cs 4 O 6 pellets with a diameter of 6 mm and a thickness of around 1 mm were pressed for impedance measurements. Gold foil with a diameter of 6 mm was fixed as electrodes to the two sides of the Cs 4 O 6 pellets. The pellets were connected with nickel tabs as current collectors and were sealed in gas-tight pouch foil in an argon-filled glove box [MBRAUN, <0.1 parts per million (ppm) H 2 O, <0.1 ppm O 2 ]. Temperature-dependent impedance measurements were then carried out using an Alpha-A mainframe by Novocontrol Technologies with an equipped POT/GAL30V2A electrochemical test station and a ZG4 test interface.
The measurements were carried out in a temperature range of 313 to 173 K in steps of 5 K. The temperature was adjusted using a liquid nitrogen-based cooling system and a heating coil. The sample holder was placed in a steel vessel, where it was cooled in the nitrogen gas flow. For each temperature step, a relaxation time of 2.5 hours was chosen with a maximum temperature change of 0.3 K/min. The impedance was measured between 10 MHz and 10 mHz with a sinus amplitude of 10 mV. Data evaluation was performed using the software RelaxIS 3 (rhd instruments).
For fitting the data, an equivalent circuit consisting of a parallel resistor R and a constant phase element Q was chosen because neither the Nyquist nor the Bode plot indicated the presence of more than one charge transport process. From the resulting resistances and the diameter and thickness of the sample, temperature-dependent conductivities s were calculated.
To determine whether the hysteresis in s was due to the slow kinetics of the phase transition, additional measurements were carried out. The impedance was measured for 500 full frequency cycles (the corresponding total measurement time is about~3 days) at a constant temperature of 273 K ( fig. S3 ). One measurement was performed after cooling the sample from 313 to 273 K, maintaining the C structure; the other measurement was performed after approaching 273 from 173 K, thus keeping the T structure.
The conductivity of the C structure at 273 K was determined as 6.9 × 10 −8 S cm −1 and remained at this value for more than 500 full frequency cycles (~3 days). The slight decay of the conductivity in the first 10 cycles was due to reaching thermal equilibrium that had not been established yet.
The conductivity of the T structure was determined as 4.1 × 10 −10 S cm
and remained constant for 3 days. Again, the slight deviation from this value during the first measurement cycles is attributed to the establishment of thermal equilibrium. The constant conductivity of the T phase at 273 K indicated the stability of the T structure, which did not transform into the C structure even after 3 days. Assuming a charge carrier density n of 4/V cell (V cell represents the unit cell volume as determined by XRD), we obtained the electron mobility as a function of temperature ( fig. S4 ) from the electronic conductivity s el according tou ¼ s el e0⋅ n with the electron charge e 0 and the charge carrier density n. Because the electron concentration changes only due to the thermal lattice expansion, the dramatic jump in conductivity directly represents a jump of the electron mobility. The diffusion coefficient D of the electrons is calculated using the Nernst-Einstein relation D ¼ u⋅ k B T e0 with the Boltzmann constant k B and the absolute temperature T. Assuming isotropic diffusion of the electrons, the diffusion coefficient D is related to the jump distance a and the jump fre-
For the jump distance a, the shortest intermolecular O−O distance of 390 pm was used.
Raman spectroscopy
Raman spectra of Cs 4 O 6 sealed in a quartz capillary were taken at room temperature with a Jobin Yvon LabRAM V 010 single-grating spectrometer, equipped with a double super razor edge filter and a Peltier-cooled charge-coupled device camera. The resolution of the spectrometer (grating 1800 L/mm) is 1 wave number (cm
−1
). The spectra were taken in quasi-backscattering geometry using the linearly polarized 632.8-nm line of a He/Ne gas laser. A small laser power of 0.4 mW was used as spectral changes in the region of the O 2 2− vibration were observed at higher laser power. The spot size was 10 mm.
Magnetization measurements
Magnetization measurements on powders of Cs 4 O 6 sealed in a Suprasil quartz tube were performed with an MPMS3 (Quantum Design) magnetometer in field-cooling and field-heating modes in a magnetic field of 0.1 T. Starting from 350 K, the sample was cooled with a rate of 2 K/min down to 2 K and subsequently heated back to 350 K at the same rate.
EPR spectroscopy
For the EPR measurements, around 5 mg of 17 O-enriched Cs 4 O 6 powder was sealed under dynamic vacuum in a standard Suprasil quartz tube. Continuous wave X-band EPR spectra were measured on a homebuilt spectrometer equipped with a Varian E-101 microwave bridge, a Varian TEM104 dual-cavity resonator, an Oxford Instruments ESR900 cryostat, and an Oxford Instruments ITC503 temperature controller. The temperature stability was better than ±0.05 K at all temperatures.
The EPR spectra (fig. S1A) were measured during cooling and warming up the sample. The sample was cooled from 325 to 4 K in 24 hours with a constant rate of 0.22 K/min, whereas the average warming up rate was about 0.5 K/min. The powder X-band EPR spectra were observed clearly only in the T phase, in agreement with our previous report (20) . The temperature dependence of the EPR linewidth and the intensity of the EPR signal are presented in fig. S1 , B and C, respectively. Cs NMR signal was simultaneously detected in wide frequency sweeps. In the 17 O NMR experiments, a two-pulse solid-echo sequence (b)-t-(b)-t was used with a pulse length, t w (b) = 7 ms, optimized to the 17 O NMR signal, and an interpulse delay t = 50 ms. The complete polycrystalline NMR spectra ( fig. S6) were obtained by summing the real part of spectra measured at different frequencies separated by dn = 50 kHz. To convert the C into the T phase, the sample was cooled from 325 to 50 K in 20 hours at a cooling rate of 0.23 K/min.
To correctly simulate the entire powder 17 O NMR spectrum, the quadrupole interaction was included in perturbation theory up to the second order for both the central and the satellite transitions.
The quadrupole shift of the m ↔ m − 1 nuclear transition in the ith order is v i Q ðm; ϑ; φÞ ¼ 1 h ðE ðiÞ ðI; m; ϑ; φÞ À E ðiÞ ðI; m À 1; ϑ; φÞÞ. Here, ϑ and φ are the polar and the azimuthal angles of the magnetic field orientation with respect to the principal coordinate system of the quadrupole interaction. The expressions for the first-and secondorder quadrupole energies E (i) (I,m,ϑ,φ) can be found in the study of Potočnik et al. (34) . In calculations of powder NMR spectra, initially, a uniform distribution of cos ϑ and φ has been assumed. However, an additional narrow peak appeared in the center of the 17 O NMR spectra ( fig. S6 ) when the powder sample was cooled into the T phase. This peak is attributed to those grains in the T phase, which oriented in the strong external magnetic field due to considerable magnetic anisotropy. Therefore, to account for this peak, a nonuniform distribution in the grain orientation with a narrow peak at ϑ = 0 has been assumed. The same parameters of the quadrupole Hamiltonian, the quadrupole frequency n Q = 2.6 MHz and the asymmetry h = 0.09, were used for the oriented and uniformly distributed (nonoriented) part of the sample. For the presented set of measurements, we found that around 10% of the powder grains oriented with a T c axis parallel to the magnetic field at T = 50 K. We stress that the orientation of crystallites in a strong magnetic field is not entirely unexpected and has been observed before in other systems, for example, in the study of Haarmann et al. (35) .
First-principle computations of NMR parameters
The hyperfine coupling constants and quadrupole frequencies were calculated ab initio within the framework of the DFT by applying the QUANTUM ESPRESSO code (36) . The exchange-correlation effects were calculated by means of the generalized gradient approximation (37) with explicitly added (38) Hubbard repulsion term U = 4.1 eV for the oxygen atoms. The electron-ion interactions were described with the gauge-including projected augmented wave (GIPAW) pseudopotentials (39), making it possible to calculate the NMR-based quantities. The plane waves and the charge-density cutoff parameters were set to 639 and 2543 eV, respectively, whereas a 4 × 4 × 4 mesh of k points (40) was used for the Brillouin zone integration. The self-consistent criterion was the total energy difference between the two subsequent calculations being less than 10 −6 Ry. In the computations of the 17 O NMR parameters for the C and T phase, we used the structural parameters extracted from the PND data at 320 and 2 K, respectively. The eigenvalues of the electric field gradient components V xx , V yy , and V zz and of the 17 O contact (Fermi) hyperfine field A (expressed in the units of MHz) are summarized in table S3.
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